The performance of proton exchange membrane fuel cell (PEMFC) under different membrane geometries is investigated using a three-dimensional mathematical model. The proton exchange membrane fuel cell is mainly composed of bipolar plates, a gas diffusion layer, a micro porous layer, a catalyst layer, and a membrane. The numerical model is simulated in the comsol multiphysics to study the effects of different membrane geometries on the performance of the proton exchange membrane fuel cell. The results show that the performance of the proton exchange membrane fuel cell improves as the membrane's thickness is scaled down towards being nanoscale. The model was compared with experimental trends and there is a good agreement between experimental data trends and the proposed model.
INTRODUCTION
A fuel cell is an electrochemical device [1] [2] [3] which directly converts chemical energy to electrical energy. It has a lot of advantages such as high power, safe construction, and simple and fast start-up, making it particularly suitable for home appliances, vehicles and transportation tools [4] . Within the few years [5, 6] , so many progresses have been made for PEMFCs in terms of design, material, manufacturing and applications. Until this moment, cost is thought to be one of the major problems behind the commercialization of PEMFCs in addition to its performance, durability and hydrogen storage. It is known that the performance of the proton exchange membrane fuel cell (PEMFC) is highly influenced by its geometry, material and operating parameters [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . So many parameter conditions are used in running the PEMFC such as temperature, design, pressure, etc., and these are the key factors which greatly affect the PEMFC's performance. Membrane is the most important component of PEMFC [21] . It is a proton conductor between two electrodes, the anode and cathode, and at same time it pushes electrons to flow through an external circuit in order to produce useful electricity. It also acts as a physical barrier between the anode and the cathode by stopping the penetration of fuel from the cathode side to the anode side or vice versa. According to our previous study on the factors affecting the durability and performance of PEMFC, we concluded that the performance of the PEM fuel cell depends strongly on the performance of its membrane. Figure 1 presents all the factors affecting the performance of the membrane. It seems that the membrane is highly influenced by its conductivity. So, we can understand that the thickness of the membrane is related to its conductivity [22] [23] [24] [25] [26] . In fact, when we increase the membrane's thickness, the conductivity is decreased. The thickness of the membrane is among the key factors that increase the performance of a polymer electrolyte membrane fuel cell. In literature, several modelling and experimental studies have been conducted in order to understand the effect of membrane thickness on fuel cell performance. Atifi et al. [27] presented the effect of internal current, fuel crossover, and membrane thickness on PEMFC performance. The results obtained show that internal current and fuel crossover can be reduced by using a thicker membrane and that the activation over potential increases as temperature increases. Ionescu et al. [28] presented a two-dimensional model for PEMFC with different width dimensions of the PEM membrane: 50μm, 100μm and 200 μm. The 50μm cell model showed the smallest ohmic losses by registering the smallest voltage drop (of 6.9mV) across the electrolyte membrane and also the smallest over potential drop along the cell length. But there is no validation using experimental study.
Belkhiri et al. [29] presented a two-dimensional model which analyses the effect of temperature and water content on the proton conductivity of the membrane, and he concluded that the electrochemical performance of a fuel cell strongly depends on the temperature and water content. The conductivity of the membrane (σm) increases with increase in temperature, and leads to greater diffusion of hydrogen protons within the membrane. Thus, with resistance of the membrane which means higher temperatures, the electrochemical reaction is faster, thus increasing the production of water in the cathode and better hydration of the membrane, thus ionic resistance is reduced. A few studies not only include the thickness of membrane, but they also include other parameters [30] , thus not allowing us to understand 100% the effect of the thickness of the membrane on the performance of PEMFC. Furthermore, other studies did not validate their findings using experimental work. In these cases, we cannot know the exactitude of the results. In this paper, our work focuses only on the geometry of the membrane by supposing that other parameters are kept constant. A 3D mathematical model is used to simulate the model with different membrane geometries; the results are compared with the experimental study of A. Martin and Bates [31] . The purpose of our study is to investigate the performance of PEMFC under different membrane thicknesses. The results of this work show the performance of PEMFC at different membrane thicknesses, and that it may be of interest to engineers attempting to develop the optimization of a PEMFC and to researchers who are interested in the flow modification aspects of a PEMFC's performance enhancement. Figure 1 illustrates a 3-dimensional model of a single channel PEMFC. The model is composed of seven zones which are the anode channel, anode GDL, anode electrode, membrane, cathode electrode, cathode GDL, and cathode channel. The geometry parameters of the model are listed in Table 1 and are taken from the experimental study published by Alex Martin et al [31] . For our model, the following assumptions were employed: 3D domain; Cell temperature is held constant; Laminar flow due to small pressure gradients and Reynolds number (Re < 1); Stationary model; The membrane is impermeable to gas; Membrane and electrodes are isotropic and homogeneous; The GDL is porous; Ideal gas; The fluid is incompressible. 
METHODS AND MATERIALS

Mathematical Modelling
Governing Equations
The form of mathematical equations for continuity, momentum, energy, species and charge can be summarized as follows [32] :
where for Eqs. (1) and (2)  is the porosity for a porous medium;  is the density of the liquid; U is the floating speed vector when the liquid in the porous medium; p is the pressure; F is the floating mass vector;  is the stress tensor;  is the liquid viscidity degree, and k is the permeate ratio of the liquid through the porous medium.
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Conversation of energy equation
where p C is represents the specific heat capacity at constant pressure; K eff is the effective thermal conductivity of gas mixture in porous medium, and ST is energy source term which represents the rate of increase or decrease of energy due to heat generations or consumptions.
Conservation of species equation
where Xi is the mass fraction of species i, and Si is the produced speed of species i adapted to the electrochemistry reaction.
According to Fick's law, the mass diffusion flux of the species i in a porous medium is:
where Di is the gas diffusion coefficient in nonporous material and can be calculated from the binary diffusion coefficient.
Membrane
Water management is a critical issue for the performance of a proton electrolyte membrane fuel cell. The transport phenomena of water can be described as follows: water molecules are transported through a polymer electrolyte membrane by hydrogen protons, and this process is called electro-osmotic drag. In addition to the molecular diffusion and electro-osmotic drag, water is generated in the cathode catalyst layer due to electrochemical reaction. Electro-osmotic water flux through the membrane can be calculated from the proton flux through the membrane, as given by specified current density and Faraday law;
where nd is the electro-osmotic drag coefficient which depends on water activity as follows; 2 19 0.0029 0.05 3. where X,K, and Psat are the water mole fraction and saturation pressures at each electrode, respectively. 
Electrochemical Model
The electrochemical model of a single cell of the proton exchange membrane fuel cell is modelled by the following equations [33] : 
where in Eqs. (12)- (16) , ∆G is the change in the Gibbs free energy; F is the constant of Faraday; ∆S is the change of the entropy; R is the universal constant of the gases; PH2 and PO2 are the partial pressures of hydrogen and oxygen; T is the cell operation temperature; Tref is the reference temperature;  is electron transfer coefficient; i is the cell's current density; i0 is exchange current density; b is a parametric coefficient; and J represents the actual current density of the cell (A/cm 2 )
Boundary conditions
The boundary conditions and inlet parameters for the numerical model are summarized in Table 2 . 
Numerical Procedure
The model geometry is meshed with a structured grid (Figure 2 ) by the Comsol 5.0. The complete mesh consisted of 6880 domain elements, 3516 boundary elements and 628 edge elements. The governing equations were solved using Comsol boundary conditions with a simple algorithm based on the finite element technique. The calculations took 51 min 47 s in order to show the study diagrams. The model operated at a constant temperature of 333K at a reference pressure of 101e 3 (Pa). The geometry of the cell model is listed in Table 1 . The physicochemical parameters' values that were used in this model are listed in Table 3 . 
RESULTS AND DISCUSSION
Model Validation
In order to validate our model, the numerical study obtained from the present model is compared with an experimental study conducted by Martin Bates [31] (Figure 3 ). In the activation and ohmic area of the polarization curve, our results using Comsol are a good match with the compared experimental study with only a deviation at 0.5 A/cm 2 (Figure 4 ). As we can see that the model was unable to reproduce the experimental data at high current densities. This may be caused by the presence of liquid water in the catalyst layers and the gas diffusion layers. 
Optimization of Cell Performance
Based on the results above, it is now possible to consider a reference case and investigate its performance behaviour under different membrane thicknesses. The cell geometry and flow conditions for the reference case are listed in Tables 1 and 2 . Figure 4 shows the overall full cell performance in terms of polarization obtained under the four operating membrane thicknesses. According to the comparison, we can see that the PEMFC has the highest cell potential at 50 e -6 m, especially in the high current density region. A low ohmic loss and a high concentration loss were observed at 125e -6 m. Ohmic loss was found to increase with temperature and the loss was significant for higher temperatures. The modelling results will be used to explore the transport phenomena inside the fuel cell and the effects of the membrane on fuel cell performance. All of the following results are generated at a constant cell voltage of 0.9V. Figure 5 shows the current densities using four membrane thicknesses at the centre of the membrane for 0.9 V. We can see that the current density is lower towards the outlet of cell due to lower reactant concentrations. As we can also see, the current density is highest in the region closer to the channel where the reactant concentrations are higher, but the current density is lower in the centre of the channel. This is due to the ohmic drops in the GDLs. According to this comparison, we can see that the thickness of 50e -6 m is the best operating thickness among the four thickness measurements for this fuel cell under the specified operating conditions. Figures 6 and 7 show that the largest water concentration was in the cell at A (50e -6 m) for the same voltage level. In order to increase to the conductivity of the membrane, the temperature of the cell must be increased. In fact, large membrane thicknesses will result in late conductivity, so the optimal membrane thickness is needed for faster electrochemical reaction. This means that the production of water must be increased to hydrate the membrane better, thus ionic resistance can be reduced. 
CONCLUSIONS
The performance of the PEMFC is affected by the resistance of proton transport across the membrane, which depends on the geometry of the membrane. The potential loss in the cell is due to the resistance to proton transport across the membrane from the anode to the cathode. Thus, a thinner membrane means that the path travelled by the protons will be decreased; thereby reducing membrane resistance, and leading to the reduction in the potential loss of the membrane. This study found that reducing the membrane thickness plays a significant role in promoting cell performance.
